and/or postranscriptional changes in responsive cells. negative inhibitor of the Drosophila EGF RTK (EGFR; Ultimately these pathways regulate a variety of cellular Ghiglione et al., 1999b) . kek1 is expressed in response outcomes, including both cell fate changes and morphoto EGFR signaling. Loss of kek1 activity is associated genetic responses. There are three basic problems that with a phenotype reminiscent of increased EGFR signalcells, and fields of cells, have to resolve when they reing during oogenesis, while overexpression of kek1 ceive such signals. The first one is to shut off or modulate blocks the activity of the EGFR. This inhibition involves the activation of the incoming signaling pathway, as a physical association between the extracellular doinappropriate cellular response(s) can result if the remains of Kek1 with the EGFR, suggesting that Kek1 acts ceiving cell sustains and amplifies its response to extraextracellularly to modulate EGFR signaling through a cellular signals. The other two problems in regulation of negative feedback mechanism. incoming signals involve dimensional issues. In many In addition to Kek1, Sprouty (Sty) has also been identiinstances, signals originate from a localized source and fied as a cell-autonomous negative regulator of the act over long distances (up to 30 cell diameters or over EGFR pathway. However, unlike Kek1, Sty activity is not 100 m). Here, it is important not only to limit responses specific to the EGFR (i.e., it acts as a more general to a subset of the cells within the field, but also to inhibitor of RTK signaling). Sty, which encodes a molegenerate distinct responses to different concentration cule with a conserved cysteine-rich motif, was initially thresholds of incoming signals.
described as a putative secreted protein that acts in Negative feedback mechanisms are widely used to a negative feedback mechanism in response to FGF resolve these signaling issues. Two distinct classes of stimulation during tracheal development (Hacohen et such mechanisms can be distinguished depending on al., 1998). In the trachea, sty expression is induced by whether they act in a cell-autonomous or non-cell autonthe FGF receptor Breathless (Btl) and antagonizes Btl omous manner. Here, we discuss some examples of activity. However, Casci et al. (1999) have provided evithese classes and describe how they provide intricate dence that Sty is in fact a cytoplasmic protein that blocks levels of control. These regulatory steps have been identhe activity of many Drosophila RTKs, including the tified in most of the major signaling pathways character-EGFR, Sevenless (Sev), and Torso, in a cell-autonomous ized to date. Our discussion will be limited to selected fashion. In contrast to the cell-autonomous negative regulators phosphatases whose target is Drosophila JNK (Martindescribed above, studies on the secreted Drosophila Blanco et al., 1998). In puc mutants, which fail to undergo protein Argos (Aos) have provided a striking example of the last step of dorsal closure, the levels of nonmuscle how a negative feedback mechanism can control the myosin and actin are reduced at the leading edge. As spatial activity of a specific signaling pathway. myosin has been proposed to participate in the control aos encodes a secreted inhibitor of the EGFR that is of cell shape changes at the leading edge and to control positively transcribed in response to EGFR activity. The the movement of epidermal cells, this may explain the protein contains a divergent EGF repeat, suggesting that defect in closure. When puc is overexpressed, morphoAos may directly interact with the extracellular domain genesis is perturbed as well and cells fail to undergo of the EGFR (Freeman, 1996) . Studies of Aos function the appropriate cell shape changes essential for dorsal in the embryo, eye, and follicle cells have illustrated how closure. Thus, Puc provides an example of how a cellcompetition between Aos and the EGFR ligand Spitz autonomous negative regulator contributes to a spe-(Spi), whose interaction with the EGFR it presumably cific morphogenetic event through a negative feedback antagonizes, results in the elaboration of complex patmechanism.
terns ( ever, the developmental function of this regulation is Thus, like Hh and Ptc, elevated levels of receptors apunclear. parently limit the effective range of Dpp diffusion, possiPerspectives bly by sequestering it. Further, the level of expression Throughout the examples described above, it is apparof the Tkv receptor was also found to influence the ent that negative feedback mechanisms provide intrisensitivity of cells to Dpp. The control of receptor levels cate levels of control and are commonly used to orchesby ligands appears to be an effective mechanism to trate various patterning events. Remarkably, as is the modulate the shape of the ligand gradient as well as its case of the EGFR, multiple negative feedback mecharesponse.
nisms that include proteins that act in a cell-autonomous Wg also regulates the expression of its own receptor (Sty and Kek1) or non-cell autonomous (Aos) manner to modulate the shape of both the activity gradient and have been identified for a single signaling pathway (Figthe ligand gradient (Cadigan et al., 1998) . In the wing ure 1). Similarly, in the case of Dpp/TGF␤ signaling, imaginal disc, wg is expressed at the dorsoventral multiple negative feedback mechanisms have been boundary where it acts over a distance of around 25 identified (Brk, SMADs, and Dad). As other pathways cell diameters to pattern the wing blade. Where Wg are explored in more depth, it is likely that negative concentration is highest in the center of the disc, its feedback mechanisms operating at multiple levels receptor Dfz2, which encodes a multipass transmemwithin a signal transduction pathway will become a recurring theme. brane protein, is downregulated. Dfz2 is expressed at negative regulators of specific signaling pathways have been described that are not thought to work in feedback mechanisms (i.e., Chordin/SOG for Dpp/BMPs and sFRPs for Wnts). It will be of interest to determine whether this is true in all aspects of their embyronic and/or adult roles. Understanding how they are regulated may well provide insight into the cross-talk between different signaling pathways.
In summary, we can expect that studies of negative feedback mechanisms will reveal a great number of new insights into pattern formation. Clearly, a critical issue in understanding the biological functions of negative feedback mechanisms will be to characterize their thresholds for inhibitor induction, diffusion ranges, and cellular autonomy. Understanding these parameters will be particularly important in understanding how graded signaling through a field of cells is established. For example, inhibitors that have low thresholds for induction (i.e., Kek1 or Dad) uniformally reduce signaling, thus maintaining the graded signaling pattern. On the other hand, diffusible inhibitors that have a high threshold for induction generate local elaborations of the pattern if their diffusion is limited compared to that of the activating ligands (i.e., Aos in dorsal appendage formation). However, if such inhibitors are made in the same cells that produce the secreted ligand but can diffuse more efficiently, they essentially fulfill the same role as cell-autonomous inhibitors.
